X-ray photoelectron spectroscopy ͑XPS͒ and Auger electron spectroscopy ͑AES͒ were used to identify gas reaction layers and tribochemical films formed during reciprocating sliding tests in an ultrahigh vacuum ͑UHV͒ tribometer. Tests were performed on UHV cleaned SiC pins and Mo flats during or after exposure to SO 2 , O 2 , or H 2 S gas at pressures around 40 Pa. XPS identified the gas reaction layers on Mo to be chemisorbed MoS 2 and/or MoO 2 phases less than 1 nm thick. AES of Mo wear tracks showed tribochemical films similar in composition to, but thicker than, the reaction layers. AES of SiC wear scars in all three gases indicated tribochemical films containing Si oxide and/or Si sulfide and possibly graphite. In addition, transfer films of Mo oxysulfide and Mo oxide were found in SO 2 and O 2 tests, respectively, but no transfer films were detected in H 2 S tests. Thermochemical calculations of stable reaction products of the gas-solid reactions were in good agreement with the phases inferred from XPS and AES. An explanation for the agreement between thermochemical predictions and tribochemical results is given.
I. INTRODUCTION
The presence or absence of a surface film can determine the fate of counterface materials in sliding contact. If the counterface surfaces contain easily sheared films, then sliding will take place with low friction and virtually no counterface wear. In practical machinery, surfaces often develop shearable films during exposure oxygen and various contaminants in air. Unfortunately, these ''air-formed'' films are not very durable, nor can they sustain low friction. Other gases, however, have been shown to sustain low friction and protect solid surfaces from wear: H 2 S on Mo, 1 I 2 on Ti and Cl 2 on Cr, 2 TCP on steel, 3 and hydrocarbons on ceramics. 4 The protection is not due to gases, but to the ''tribochemical'' films formed when surfaces are rubbed against each other in the presence of the gases. These tribochemical films have been identified by ex situ analytical techniques for sliding in air [5] [6] [7] and in selected gases at high temperatures. 3, 4 Unfortunately, the mechanics and chemistry of tribochemical film formation are not well understood. Well-controlled in situ experiments, as performed in the present study, are required to investigate how tribochemical films are generated; results of such studies will enable tribologists to chose the correct gaseous environments for specific tribomaterials, thereby providing low friction and wear-free surfaces, with tremendous safety and cost benefits.
Buckley 8 and his colleagues at NASA Lewis Space Center in the 1970s pioneered the use of in situ tribometry and surface spectroscopy in an ultrahigh vacuum ͑UHV͒ chamber. In studies of solid-solid reactions 9 and gas-solid interactions [10] [11] [12] at gas pressures at or below 1 mPa, they demonstrated that gas reaction layers could decrease ͑or increase!͒ friction coefficients. However, the layers wore away after one or two passes, and the friction coefficient returned to its UHV value. 9, 12 More recently, Pope et al., 13, 14 DeKoven et al., 15, 16 and Le Mogne et al. 17, 18 have used multianalytical UHV tribometers to examine the friction behavior of materials exposed to reactive gases at pressure above 1 Pa. In all cases, low friction sliding could be sustained and distinct tribochemical reaction products detected on worn surfaces. We have used a similar approach to investigate the lubrication of SiC sliding against Mo in SO 2 , O 2 , and H 2 S gases at pressures up to 40 Pa. SiC was chosen as the pin because of its hardness and its ease of cleaning in UHV. Mo was selected because its reaction with H 2 S is expected to produce MoS 2 , 1 the lowest friction film yet discovered; 19 friction coefficients of MoS 2 typically range from у 0.01 in dry air to as low as 0.001 in vacuum, depending on film preparation conditions. 20 The two oxygen-containing gases were chosen because they are intimately related to the chemical degradation of MoS 2 in ͑dry͒ air: O 2 is responsible for the most prominent tribochemical reaction products in ͑dry͒ air, 5 and SO 2 is a gaseous reaction product of oxidized MoS 2 . The results of the friction tests, reported earlier, 21 revealed three orders of magnitude differences in the steady state friction coefficients, depending on gas type and pressure at which the tests were run. Friction coefficients run in SO 2 and O 2 at pressures around 40 Pa were about у 0.1; in H 2 S, the friction was more than an order of magnitude lower, Ͻ0.01. In contrast, friction coefficients for a pin and flat that had been exposed to H 2 S at pressures up to 40 Pa for several hours but run under high vacuum conditions, about 3ϫ10 Ϫ6 Pa, were about ϭ1 after one pass, indicating that surfaces pre-exposed to H 2 S were unable to sustain low friction. A detailed presentation and discussion of the friction and wear behavior observed in these tests are presented elsewhere. 21 The purpose of this article is to identify the surface films that might be responsible for these large differences in friction behavior. X-ray photoelectron spectroscopy ͑XPS͒ and Auger electron spectroscopy ͑AES͒ were used to characterize both the gas exposed and the worn surfaces. Compositions and thickness of films generated by gas-solid reactions ͑gas reaction layers͒ and by sliding ͑tribochemical films͒ were determined and compared to those of films identified by other surface analytical techniques and phases predicted by thermochemistry.
II. EXPERIMENT

A. Friction and surface analysis apparatus
Wear tests and surface analysis were carried out in situ in a loadlocked, multitechnique UHV chamber described in detail in previous papers. 17, 18 The tribometer consisted of a pin loaded against a flat; both pin and flat could be repositioned in situ to perform from four to eight tests without removing either sample from the UHV chamber. The chamber could be backfilled with gas and its pressure regulated between 0.1 and 1000 Pa using a capacitance manometer ͑MKS baratron͒ in feedback with a mass flow meter. Surfaces were analyzed by XPS and AES using a VG hemispherical analyzer. XPS was acquired over a wide area ͑about 1 cm 2 ) with nonmonochromatized Mg K␣ x rays. AES was taken with a 5 keV electron beam whose submicrometer spot size was broadened to between 5 and 20 m by rastering. Sputter cleaning was performed with 5 keV Ar ions.
B. Sample preparation and friction test procedures
A rod of ␣-SiC was ground on one end to form a hemispherical pin of radius 1.8 mm. The pin and a 1-mm-thick polycrystalline Mo flat were polished with successively finer pastes of 6, 3, and 1 m diamond. After cleaning with solvent, both the SiC and the Mo were inserted through a loadlocked chamber into the UHV chamber. The substrates were first cleaned by radiative heating to about 800°C, then by Ar ion sputtering for 15-30 minutes. XPS and AES were taken to establish the cleanliness of the two surfaces.
Wear tests were run at pressures between 4 and 40 Pa. The chamber was filled with one of the three test gases, SO 2 , O 2 , or H 2 S, the substrates loaded into contact, then sliding tests were run for 60 cycles. The load was 0.5 N, equivalent to an initial mean contact pressure of 0.7 GPa, well below the hardness ͑2.9 GPa͒ of the softer Mo counterface. The stroke distance was 3 mm, and the speed was 0.5 mm/s.
C. Surface analysis procedures
XPS analysis was performed on Mo before and after sputter cleaning and after each gas exposure. Both survey and high energy resolution XPS spectra were acquired. The high resolution spectra of Mo 3d, S 2p, and O 1s were taken with a 50 eV pass energy. The peaks were deconvoluted and fitted using the Sherwood model ͑Gaussian-Lorentzian/Shirley background͒. Binding energies ͑BE͒ were referenced to the Au 4f 7/2 peak at 84.0 eV; BE uncertainty was Ϯ 0.2 eV. Phases associated with these peaks were identified by the binding energy of standards reported in the literature.
22,23
AES analysis was performed on Mo and SiC before sputter cleaning and after each gas exposure. Secondary electron images were used to locate wear tracks on Mo and wear scars on SiC. Spectra were acquired in the N(E) mode, then differentiated for peak-height analysis.
III. RESULTS
A. XPS analysis
XPS surveys ͑not shown͒ indicated that sputter cleaned and gas exposed surfaces had significantly lower C and O intensities than the polished surface, but nonetheless had trace quantities of C and O. Figure 1 shows highresolution XPS spectra of Mo 3d 5/2 and Mo 3d 3/2 of the H 2 S-exposed surface; both raw data and deconvoluted peaks are shown. Two chemical states of Mo can be seen; in the 3d 5/2 spectra, they are a large 227.7 eV peak and a smaller, higher binding energy peak at 229.2 eV. Peak-fitted binding energies and areal intensities for Mo 3d 5/2, S 2p, and O 1s on the polished and four vacuum-prepared surfaces are presented in Table I .
B. AES analysis
AES, like XPS, found low levels of contaminants O and C ͑and sometimes S͒ on sputter-cleaned surfaces. Since similar levels were seen after gas exposure as well, they must represent ''background'' levels of surface contamination. AES spectra were taken inside and outside the worn areas ͑wear tracks͒ of the Mo flat but only inside wear scars on the SiC pin. 
Tracks on Mo
Representative spectra taken inside and outside tracks on Mo are shown in Fig. 2 . The spectra indicate similar compositions in both locations. However, peak-to-peak intensities of the S͑KLL͒ and O͑KLL͒ spectra were larger inside the track than outside the track. The opposite was found for the C͑KLL͒ intensity, which was larger outside than inside, suggesting that C was an adsorbed contaminant that was partially wiped off during the friction tests.
In SO 2 tests, S/Mo and O/Mo ratios in the tracks were about twice that of ratios outside the track. The peak near 130 eV could not be identified with certainty: it might be the Mo͑M 4,5 N 2,3 N 2,3 ͒ feature, but this should be considerably smaller than the 180 eV peak, even in the oxide state; 24 or it might be a surface sulfate peak, 25 although no Mo sulfate exists in the bulk. Tracks in O 2 tests showed mainly oxidized Mo, with the O/Mo ratio in the track twice that outside of track. S was also detected, but the S/Mo was about the same inside and outside, indicating that S was a background contaminant. Finally, tracks in H 2 S tests had a S/Mo ratio about 1.5 times that of unworn areas and no O.
Scars on SiC
Spectra taken on clean SiC and in wear scars are shown in Fig. 3 ; note that the spectra shifted about ϩ30 eV above expected energies due to charging. The cleaned pin showed Si͑LVV͒ and C͑KLL͒ characteristic of SiC and a small O͑KLL͒ intensity. Spectra of scars in all three gases showed some S and/or O as well as changes in the line shapes of Si͑LVV͒ and C͑KLL͒ spectra.
The scar formed in SO 2 showed Mo as well as S and O, and the S/Mo ratio ͑ϭ4.5͒ was the same as found in the track on Mo. Apparently, Mo oxide and Mo sulfide transferred from the Mo wear track to the SiC scar. The C/Si ratio in the scar was only 60% of the ratio on clean SiC. Moreover, the line shapes of both Si͑LVV͒ and C͑KLL͒ differed from that of SiC: the C͑KLL͒ has a low-energy feature that makes it appear graphite-like, 26, 27 and the Si͑LVV͒ has a low energy peak that could be an oxide or a sulfide. These features suggest that some SiC converted to graphite plus Si oxide or Si sulfide. The scar formed in O 2 showed mainly Mo and O with a very distorted Si͑KLL͒ line, suggesting Si oxide and very little SiC. Here again the O/Mo ratios were nearly the 
In situ AES spectra taken inside and outside tracks on Mo.
FIG. 3.
In situ AES spectra taken of a sputter-cleaned area and wear scars on the SiC pin.
same as on the Mo track, suggesting that Mo oxide films transferred to SiC. Finally, AES spectra of scars formed in H 2 S consistently showed a strong S signal but little or no Mo, indicating that MoS 2 films did not transfer to SiC during sliding. The C͑KLL͒ line shape looked like a mixture of graphite and SiC, while the low energy shoulder on the Si͑KLL͒ line might be that of Si sulphide since it is not shifted enough to be Si oxide.
IV. DISCUSSION
A. Gas reaction layers
The compositions of gas reaction layers can be inferred from the binding energies in Table I . The Mo 3d 5/2 spectrum of the sputter-cleaned surface showed only one peak, the Mo 0 of metallic Mo. The three gas-exposed surfaces had only two peaks: the larger peak is metallic Mo and the smaller peak is a Mo 4ϩ state. The Mo 4ϩ peaks correspond to MoO 2 and MoS 2 in SO 2 gas, MoO 2 in O 2 gas, and MoS 2 in H 2 S gas. The polished surface had three Mo 3d 5/2 peaks, corresponding to metallic, MoO 2 , and MoO 3 ͑Mo 6ϩ ) phases. The single S 2p peak from SO 2 -and H 2 S-exposed Mo is that obtained with MoS 2 . The two O 1s peaks in polished, SO 2 -exposed and O 2 -exposed Mo could be from MoO 2 , a suboxide, 28 or OH Ϫ ; some OH Ϫ adsorption is likely after pumpdown to UHV since H 2 O was the major background gas. We do not concern ourselves hereafter with the O 1s peaks. Table II summarizes the phases of the gas reaction layers on four of the five samples: it shows that the gas-Mo reaction layers were chemisorbed phases of MoO 2 or MoS 2 or a mixture of the two.
Thicknesses of the gas reaction layers were calculated from the ratio of areal intensities of the Mo 3d 5/2 spectra in Table I . 29, 30 Equations used to calculate thicknesses, t, of up to two layers on a metal are derived in the Appendix. Table II lists the calculated thicknesses for the gas reaction and polished layers. All three gas reaction layers were less than 1 nm thick, considerably thinner than the 2.4 nm oxide layer on polished Mo.
The compositions and thickness of gas reaction layers on polycrystalline Mo ͑Table II͒ may be compared with more detailed studies of gas reaction layers on single crystal Mo. According to the literature, at room temperature, O 2 forms a disordered, chemisorbed film, about 2 monolayers thick, on Mo͑100͒ surfaces. 31 The film does not nucleate to a recognizable oxide phase ͓by low-energy electron diffraction ͑LEED͒ and Raman͔ until temperatures above 700 K 31 and film thickness above 0.6 nm. 32 Therefore, it is likely that the MoO 2 gas reaction layer on polycrystalline Mo, estimated here to be 0.7 nm thick ͑Table II͒, is only a chemisorbed film. Similarly, sulfur chemisorbs onto single crystals of Mo at room temperature, but does not develop a basal-oriented MoS 2 structure at these pressures, Ϸ40 Pa, until high temperatures ͑at least 500°C͒. 33 At room temperature, H 2 S rapidly dissociates on Mo, saturating the surface at exposures less than 4 langmuir and forming a weakly ordered S layer ͑according to LEED͒. 34 This layer saturates at only one-third of a monolayer; growth to higher coverage with H 2 S is impeded by chemisorbed H and S atoms, which interfere with the dissociative adsorption of H 2 S on Mo. 35 ͑Coverage up to two-thirds monolayer thick is also possible if the dissociated H 2 can be driven off.͒ Recent quantitative LEED studies on Mo͑100͒ indicate that, at high coverage, S bonds to ͑and distorts͒ two underlying Mo layers, which themselves sit 0.32 nm above the bulk Mo layers. 36 This value is in agreement with that of the MoS 2 reaction layer on polycrystalline Mo, found in Table II . We surmise, therefore, that the gas reaction layers formed on the Mo substrates were thin, chemisorbed films and not crystalline oxide or sulfide films.
Gas reaction films on SiC were not analyzed here. However, several studies of SiC exposed to O 2 at room temperature have been reported. Polycrystalline SiC exposed to O 2 at pressures of 50 Pa had only a physisorbed layer of oxygen. 17 Single crystal SiC exposed at 50 Pa did not show the expected highly exothermic reaction O 2 ϩSiC↔SiO 2 ϩC; instead, oxygen was weakly bound ͑as Si-O-Si͒ to the surface. 37 Therefore, under present conditions of room temperature and 40 Pa, oxidation of the surface of the SiC pin is not expected.
B. Tribochemical films
Compositions of tribochemical films were inferred from AES line shapes and the peak height ratios. On Mo, films in the track had the same elemental compositions as those outside the track ͑i.e., gas reaction films͒, but higher intensities of the chemisorbed element ͑O, OϩS or S͒. We speculate that tribochemical films had the same phases but were thicker than the gas reaction films. In H 2 S, we suggest that the increased S intensity arose from an increased in H 2 S chemisorption and that the limitation imposed on the S coverage due to chemisorbed H ͑Ref. 35͒ was lifted by the rubbing process. In fact, the S/Mo ratio for the film was the same as that of an MoS 2 layer measured for ultralow friction MoS 2 films. 38 Rubbing could also have allowed more O to chemisorb on the Mo wear track by increasing the number of defect sites. It is not clear, however, which oxide-MoO 2 or MoO 3 or one of the substoichiometric MoO x ͑2 ϽxϽ 3͒ compounds-formed, although MoO 2 is the first to crystallize from the chemisorbed state with increasing thermal activity. 31, 32 We therefore designate the oxide to be MoO x . In SO 2 , mixtures of MoS 2 and MoO x would be expected.
On the SiC wear scar, three possible tribochemical films have been inferred from Auger analysis: Si oxide ͑SiO y , yϭ1 or 2͒, Si sulfide ͑SiS z , zϭ1 or 2͒, and graphite ͑C͒. The Si oxide and graphite phases were clearly tribochemical films since, as mentioned earlier, the reaction O 2 ϩSiC→SiO 2 ϩC does not take place at room temperature. In addition, films having roughly the same compositions as the tribochemical films on Mo also collected on the SiC scar run in SO 2 and O 2 . These films were transferred during sliding from the Mo track surface to the SiC pin. Table III summarizes the compositions of tribochemical and transfer films generated during sliding.
C. Tribochemistry and thermochemistry
Currently there are no accepted models for tribochemical reactions. One school of thought is that tribochemical processes are nonequilibrium and therefore tribochemical films are nonequilibrium products of chemical reactions. 39 A second school contends that rubbing stimulates reaction by mechanical deformations at the atomic and mesoscopic scales, thereby speeding reaction rates at low temperatures. 40 
Singer
7 has built upon the latter hypothesis and suggested that, when thin layers wear slowly in reactive gases, the defects generated will enhance the reaction rate sufficiently to form thermochemically stable products. In the present case of nominally clean surfaces exposed to reactive gases, we speculate that the defects formed by the strains induced during sliding provide a driving force for phase formation on worn surfaces in the same way that high temperatures do on pristine surfaces. If this hypothesis is true, then the tribochemical films should have the same compositions as those predicted by thermochemistry.
Simple thermochemical calculations have been performed for two and three element gas-solid reactions using methods described earlier. [5] [6] [7] Selected results for gas reactions with Mo and SiC are presented in the two ternary diagrams shown in Fig. 4 . The diagrams were computed using Gibbs free energy data valid at Tϭ298 K and pϭ0.1 MPa. 41 The tie lines were obtained by writing balanced equations for the reactants and products and determining the side that had the lower free energy. The stable products can be seen at the vertices of each of the triangles through which the reaction line passes. We see, for example, that MoO 3 cannot be a reaction product in the ternary reaction of MoϩSO 2 , but it is a reaction product of the binary reaction MoϩO 2 . 42 We also see that C and SiO 2 are reaction products of O 2 with SiC but that SiO isn't.
Although these simple calculations are instructive, more sophisticated computational techniques are needed to establish equilibrium phases at arbitrary gas pressures and for reactions of four or more elements. To this end, a commercial program, F*A*C*T, 43 was used to perform more detailed thermochemical calculations. Reaction products were determined for six pairs of reactants, one pair for each of the three gases with Mo and with SiC. For example, the reaction products from mixtures of SiC with SO 2 were obtained by inputing ͗A͘ SiCϩ͗1ϪA͘ SO 2 for values 0рAр1. Free energies were calculated at Tϭ298 K and pϭ10 Pa for all possible reactants in each system. Thermodynamic data in the F*A*C*T database were used; the database provided upwards of 80 gases, liquids and solids in each of the ternary or quaternary systems. Gibbs phase rule, we remind, requires that the number of stable products for a given concentration of reactants at constant temperature and pressure be no more than the number of elements; therefore, at any particular concentration, one gets only two stable products from the binary reaction Mo plus O 2 , three from the ternary reactions of SO 2 or H 2 S with Mo and O 2 with SiC, but four from the quaternary reactions of SO 2 or H 2 S with SiC. Table IV lists a complete set of stable reaction products for the six gas-solid reactions studied, in order of solid-rich to gas-rich reaction products; we focus here on the solid phases. In the Mo-gas systems, the predictions-mixed MoO 2 and MoS 2 in SO 2 gas, MoO 2 or MoO 3 in O 2 , and MoS 2 in H 2 S-are consistent with the phases inferred for the tribochemical films in Table III as well as the gas-reaction films in Table II . In the SiC-SO 2 system, products include SiO 2 , SiS, and SiS 2 , C ͑graphite͒ and solid S; in the SiC-O 2 system, SiO 2 and graphite are predicted; and in the SiC-H 2 S system, SiS, SiS 2 , and graphite are predicted. These results are also consistent with the phases inferred from the AES spectra in Table III . However, the present spectra were too noisy to make exact identifications; we shall attempt to clarify these phases in a later experiment. The calculations, nonetheless, support the hypothesis that tribochemical films ͑and gas reaction films͒ have the same compositions as films formed in thermochemical equilibrium.
V. SUMMARY AND CONCLUSIONS
Surface films present before and after sliding of SiC against Mo in SO 2 , O 2 , or H 2 S, at pressures between 4 and 40 Pa, have been identified. Gas reaction layers on Mo were shown to be thin (Ͻ0.7 nm͒ chemisorbed films of Mo 4ϩ species, MoO 2 , and/or MoS 2 . The tribochemical films generated on Mo in the three gases had the same elemental compositions as the corresponding gas reaction layers but appeared to be thicker. Tribochemical films on SiC consisted of a Si oxide and/or Si sulfide plus C. Moreover, the wear scars on SiC run in SO 2 and O 2 runs contained Mo oxysulfide and Mo oxide transfer films, whereas those run in H 2 S had no transfer film. Compositions of both gas reaction layers and tribochemical films were in good agreement with gas-solid reaction products calculated by equilibrium thermochemistry.
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APPENDIX: THICKNESS OF TWO COMPOUND OVERLAYERS ON Mo FROM XPS DATA
Compound
IMFP Thickness
The thicknesses, t C and t B , of two compound overlayers, C and B, on metal A, such as MoO 3 and MoO 2 layers on Mo illustrated in the two-layer model above, can be calculated as follows:
where I m X ϭmeasured Mo 3d peak intensity from layer X, I ϱ X ϭMo 3d peak intensity from an infinitely thick layer of X, X ϭ inelastic mean free path ͑IMFP͒ of the Mo 3d electron in X, and ϭthe angle between detector and surface ͑75°C͒. where Eϭkinetic energyϭ1024 eV and aϭthickness of a monolayer ͑in nm͒. The thickness of a monolayer may be estimated as the 1/3 power of the atomic volume of the compound:
where MW is molecular weight ͑in kg/mole͒, is the density ͑in kg/m 3 ), n is the number of atoms in a molecule and N A is Avogadro's numberϭ6.02ϫ10 23 ͑in molecules/mole͒. In Table AI , monolayer thickness, IMFP, and thickness of the MoO 2 and MoO 3 layers on polished Mo are calculated from area data taken from Table I .
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